sequenced, resulting in an average of ~27.9 ± 2.7 million reads per sample. After 1 3 8 trimming, these were aligned against the salmon reference genome (ICSASG_v2; 1 3 9
Genbank Accession GCF_000233375.1 [23] ) and levels of gene expression were 1 4 0 estimated according to the official salmon genome annotation (NCBI Salmo salar 1 4 1 Annotation Release 100). 25% of the aligned reads were discarded due to 1 4 2 multimapping, and the position of an additional 11% did not overlap with any known 1 4 3 gene. Following these filters, an average of 19 M reads per sample were assigned to scenario has been observed in other salmonids such as coho salmon where resistance to 1 7 1 sea lice has been associated with early inflammation in skin and head kidney, which 1 7 2 results in epithelial hyperplasia and often parasite encapsulation and removal of the sea 1 7 3 lice within two weeks [24, 25] . In pink salmon (Oncorhynchus gorbuscha), an early and 1 7 4 high expression of pro-inflammatory genes (IL-8, TNFα-1, IL-1β) has been suggested 1 7 5 as a mechanism of rapid louse rejection [26] . The classical complement pathway has 1 7 6 also been linked to resistance of host fish to parasitic copepod infection [7] . The results 1 7 7
presented here indicate that despite a marked up-regulation of the local inflammatory or pink salmon, the response does not seem to be sufficient to successfully respond to 1 8 0 the louse attachment and feeding. In addition to the expected innate immune response observed above, cell division 1 8 2 related processes were also clearly up-regulated at louse attachment sites, and well-1 8 3 characterised genes involved in tissue repair such as fibroblast growth factor-binding 1 8 4 protein 1 and Epigen showed significant differences between lice attachment sites and 1 8 5 healthy skin (FC > 3). Several genes related to the cell matrix and cell adhesion also had 1 8 6 higher expression at attachment sites (i.e. cadherin-13, integrin alpha-2, desmoplakin, or 1 8 7 various keratin and collagen genes). Cell proliferation is the main response to skin 1 8 8 wounds in fish [27] , and these results are consistent with those previously found in the 1 8 9 early response to Lepeophtheirus salmonis [28] . Several mucins were also found to have 1 9 0 higher expression at attachment sites, pointing towards increased mucus production and 1 9 1 secretion which can also be a typical response to wounding in fish [7]. The Atlantic salmon samples used for RNA-Seq were taken from a broader experiment 1 9 5 relating to genetic resistance to sea lice, and were measured for several traits of 1 9 6 relevance to resistance and host response to infection. These traits were defined as 1 9 7 resistance, measured as number and concentration of lice per fish, and tolerance, 1 9 8 defined in this study as weight gain since the start of the challenge. The samples for 1 9 9
RNA sequencing were chosen to enable 8 vs 8 comparisons between family-matched 2 0 0 fish with high and low values for both resistance (26.2 ± 5.5 vs 54.9 ± 13.5 sea lice per 2 0 1 fish) and tolerance (7.0 ± 4.3 vs 28.8 ± 12.3 weight gain percentage). There were 43 genes significantly differentially expressed between resistant and 2 0 4 susceptible fish, although all but one were from comparison of healthy skin samples 2 0 5 between the two groups (Additional file 3). The susceptible group had higher expression 2 0 6 levels for genes involved in muscle contraction like troponins and myosins, which was 2 0 7 also highlighted by GO enrichment analyses (Figure 3 ). Myosins and troponins have 2 0 8 previously been identified as genes that respond to sea lice attachment in salmon skin 2 0 9
[29]. Further, Caligus infection is known to induce increased enzyme activity in muscle 2 1 0 tissue [30], and behavioural changes in the fish such as flashing and jumping are 2 1 1 associated with ectoparasite removal [31, 32] . It has been recently reported that 2 1 2 inactivity or reduced swimming activity contribute to resistance to sea lice [33], so it is 2 1 3 possible that the high lice counts of susceptible fish in this study are due to higher 2 1 4 activity levels with associated expression of muscle contraction related genes. In turn, 2 1 5 high lice burden can provoke behavioural responses increasing fish activity, which 2 1 6 results in the up-regulation of muscle genes, increasing the expression differences 2 1 7 between resistant-passive-low lice fish and susceptible-active-high lice fish. Two heme oxygenase genes (HO), encoding enzymes which catalyze the degradation of 2 1 9 heme, also had higher expression levels in susceptible samples ( Figure 3 ). These genes [36]. Finally, three immune receptors showed higher expression in susceptible samples 2 2 4 ( Figure 3 ); C-X-C chemokine receptor type 2 (CXCR2) is a receptor for IL-8, its clear that resistance and host response to sea lice is multifactorial in nature, these genes 2 2 8 related to muscle contraction, iron availability and immunity may be targets for 2 2 9 functional validation in future studies, and for cross-referencing with genome-wide 2 3 0 association analyses to identify candidate causative genes and variants. As an alternative approach to investigate the gene expression profiles associated with 2 3 3 resistance and tolerance to sea lice in these samples, a network correlation analysis was 2 3 4 performed. For this analysis, instead of categorizing the animals into two groups and 2 3 5 testing differential expression, gene expression values were used to group genes with 2 3 6 similar expression profiles into different networks. The average expression profile of 2 3 7 each network was then correlated with the measured traits to identify significant 2 3 8 associations between groups of genes and the resistance phenotypes ( Figure 4 ). One gene network with a total of 76 genes was associated with resistance (as measured by 2 4 0 lice counts) in healthy skin (Additional file 3). A single gene from this network was also 2 4 1 differentially expressed in the previous analysis between high and low resistant fish, C-2 4 2 type lectin receptor A (FC = -1.34). As previously mentioned, this gene is a receptor 2 4 3 1 1 involved in antigen recognition and immune response [37] . Four other immune 2 4 4 receptors involved in innate immunity and inflammation were assigned to this network 2 4 5 and found to be positively correlated with sea lice counts (Table 1) . Macrophage 2 4 6 mannose receptor 1 (MRC1) shows the highest expression difference between louse 2 4 7 attachment vs healthy skin DE genes (FC = 4.79) and also the highest positive 2 4 8 correlation with number of sea lice (r = 0.87). MRC1 is also a c-type lectin receptor, 2 4 9 expressed in macrophages, dendritic cells and skin in humans. MRC1 plays a role both 2 5 0 in innate and adaptive immunity and also acts as a recognition receptor for different = -0.76). CD97 regulates cytokine production and T-cell activation and proliferation Amongst genes without a (well-known) immune function, there was an association 2 6 8 between SUMO1 (r = 0.76) and SUMO3 (r = -0.91) expression and resistance. Small immune response to pathogens [45] . SUMOylation is also a very active field of research Differences in weight gain percentage from the start to the end of the trial were also 2 8 2 investigated; a trait which was defined as tolerance. Tolerance did not show any 2 8 3 significant correlation with initial weight (r = -0.27, p = 0.10), sea lice counts (r = 0.12, 2 8 4 p = 0.45) or sea lice density (r = 0.19, p = 0.24) in our dataset, and the means for these family 15 member 1 (SLC15A1), also showed the lowest p-value and highest fold 2 9 2 change in healthy skin (FC = 3.38, p = 0.003). SLC15A1 protein is a membrane 2 9 3
transporter that mediates the uptake of dipeptides and tripeptides, in humans this gene is Another interesting DE gene is myogenic regulatory factor 6 (MYF6; FC = 0.72, p = in fast muscle when fed with a high-lipid content diet which caused reduced growth 2 9 9
[49]. While skin is unlikely to be a highly suitable tissue to study genes underlying fish enrichment. This is perhaps not that surprising; here we have defined tolerance as 3 1 0
impact of sea lice on growth performance, but most likely growth performance is only 3 1 1 one of the aspects of tolerance. A more tolerant animal will be less affected by the 3 1 2 parasite in many ways, and therefore it is logical to find genes involved in different interferon regulatory factor 2, caspase-8 or TNF receptor-associated factor 5. Very between resistant and susceptible sample did highlight some interesting candidate genes 29 SNPs and 7 genes in this genomic region ( Figure 5B) . One of these genes, resistance to sea lice due to its differential expression and overlap with a genomic is part of the COP9 signalosome complex, which is a regulator of the ubiquitin 3 5 7
conjugation pathway but is also involved in phosphorylation-mediated regulation of The results of this study highlight that the early gene expression response of Atlantic resistance. Overall, this study contributes to an improved understanding of Atlantic salmon early response to sea lice in skin, and into the gene expression profiles vaccines or prevention strategies. The data can also be cross-referenced with high power genome-wide association studies to help prioritise putative causative genes and variants 3 7 4
that have potential to improve genomic selection programs for genetic improvement of 3 7 5
resistance to this industry's most serious disease. were euthanized and fins from each fish were collected and fixed for processing and lice RNAlater at 4 ºC for 24 h, and then at -20ºC until RNA extraction for sequencing. For all the 42 samples a standard TRI Reagent RNA extraction protocol was followed. Briefly, approximately 50 mg of skin was homogenized in 1 ml of TRI Reagent (Sigma, St. Louis, MO) by shaking using 1.4 mm silica beads, then 100 µl of 1-bromo-3-3 9 5 chloropropane (BCP) was added for phase separation. This was followed by 3 9 6
precipitation with 500 µl of isopropanol and posterior washes with 65-75 % ethanol. The RNA was then resuspended in RNAse-free water and treated with Turbo DNAse 3 9 8
(Ambion). Samples were then cleaned up using Qiagen RNeasy Mini kit columns and 3 9 9
their integrity was checked on Agilent 2200 Bioanalyzer (Agilent Technologies, USA).
Thereafter, the Illumina Truseq mRNA stranded RNA-Seq Library Prep Kit protocol 4 0 1 was followed directly. Libraries were checked for quality and quantified using the where both pairs were longer than 36 bp post-filtering were retained. Filtered reads were Statistical analyses related to differential expression and pathway enrichment were Ectoparasite Caligus rogercresseyi modifies the lactate response in Atlantic salmon 5 9 2 (Salmo salar) and coho salmon (Oncorhynchus kisutch). Vet Parasitol. 2017;243:6-11. 
